• C) of facilely precipitated Ca(OH) 2 and compared to an NiO-CaO catalyst obtained from an Ni(OH) 2 /Ca(OH) 2 coprecipitate as a precursor. Both catalysts degraded rhodamine B (RB) effectively when exposed to ultraviolet light but exhibited slower degradation under visible light conditions. Under UV light, CaO was more effective than NiO-CaO, while in visible light, the opposite was observed. A mechanistic study revealed no influence of the specific surface area of the catalysts on RB degradation, no adsorption of RB on the positively charged surfaces of the catalysts, and only incomplete degradation of RB. Consequently, both materials represent nonconventional photocatalysts.
Introduction
Photocatalytic processes deliver solutions for a number of environmental applications, such as water purification [1] [2] [3] , reduction of air pollution [4, 5] , or self-cleaning surfaces of building materials [6] [7] [8] . Also, in environmentally friendly energy production, which definitely is one of the key challenges for the next decades, photocatalytic processes exhibit considerable potential [9] .
Conventional photocatalysis involves semiconductors such as TiO 2 , ZnO, titanates, and niobates [10] [11] [12] . Today, the largest commercial application of photocatalysts lies in the field of construction materials. There, more than 10,000 tons of TiO 2 photocatalysts are used annually in indoor wall paints and plasters for air purification [13] , on roof shingles and in tile grouts possessing self-cleaning properties, and for road pavements, which reduce exhaust gas pollutants from car traffic [5] .
Conventional TiO 2 (anatase), which is used in most commercial applications, requires sunlight to achieve the photocatalytic effect. For indoor applications, TiO 2 doped with carbon or nitrogen that can work with visible light has been developed [14, 15] .
Recently, novel photocatalysts based on coupled metal oxides (e.g., ZnO/SnO 2 ) were introduced [16] . Also, an NiO-CaO photocatalyst effective even under visible light conditions was presented [17, 18] . Obviously, a CaO-based photocatalyst would be highly interesting for building material applications because of its low cost and compatibility with cement binders. Here, we studied the photocatalytic activity of pure, mildly calcined CaO and compared our results with those reported earlier for the NiO-CaO catalyst.
Experimental
2.1. Chemicals. Titan dioxide (Aeroxide P25, Evonik Degussa GmbH, Essen/Germany) was used as received. All other chemicals (analytical grade) purchased from Merck KGaA, Darmstadt/Germany, were used without further purification. Deionised (DI) water obtained from a Nanopure system (Barnstead International, Dubuque, IA/USA) was used. [18] . An aqueous sodium hydroxide solution was prepared in a 2 : 1 molar ratio relative to the concentration of metal ions in the above solution. Under vigorous stirring, the sodium hydroxide solution was added to the metal nitrates solution in a 1 : 1 volume ratio. All further processing was done as described above for the CaO catalyst.
Catalyst Preparation

Catalyst Characterization.
Powder X-ray diffraction (XRD) measurements were carried out on a D8 Advance diffractometer (Bruker AXS, Karlsruhe/Germany) with BraggBrentano geometry, equipped with a two-dimensional Vantec-1 detector (Bruker AXS).
Scanning electron microscopy (SEM) was performed on an XL30 ESEM FEG microscope (Philips/FEI Company, Eindhoven/Netherlands) equipped with an energy dispersive X-ray detector (EDX) for elemental analyses (New XL30, EDAX Inc., Mahwah, NJ, USA).
Specific surface area of the catalysts was determined by BET method (N 2 , Nova 4000e, Quantachrome Instruments, Boynton Beach, FL, USA). Prior to measurement, all samples were heated for 2 h to 200
• C. Surface charge of particles (zeta potential) was measured on a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, England). The catalysts were dispersed in DI water (c = 10 −2 g/L) by sonication for 10 min. Averages of 3 independent measurements were taken.
Testing of Photoactivity. Photodegradation activity was tested by monitoring the degradation of 10
−5 mol/L aqueous rhodamine B (RB) solution. Rhodamine B was chosen as model compound because of its high stability in native light, while methylene blue (MB), which was used in a similar study before [17, 18] , is strongly degraded even in the absence of any photocatalyst ( Figure 1 ). Therefore, it is not suitable for photodegradation studies under visible light conditions.
For the photo degradation experiments, the solid catalysts were dispersed in RB solution by sonication for 10 min. Catalyst dosages used were 10 mg/mL for CaO and NiO-CaO, and 1 mg/mL for TiO 2 . As reference, an RB solution holding no catalyst was employed.
For studies under visible light conditions, 50 mL of each catalyst suspension were transferred to a standard 100 mL beaker and placed in a sunlight simulation chamber (Suntest CPS+, Atlas MTS, Linsengericht, Germany) equipped with a window glass filter to cut off UV light of low wavelength. Irradiation intensity was set to 750 W/m 2 to ensure high reaction rates.
For studies under UV light, the catalyst suspensions were transferred into glass petri dishes (5.3 cm × 1.4 cm) and a UV lamp (NU-8 KL, Benda Laborgeraete, Wiesloch/Germany) was placed directly on top. The UV lamp possesses 2 tubes, which produce UV light at 254 nm and 365 nm (8 W each) and can be operated independently.
At specific irradiation times, samples were taken from the suspension, the catalyst was removed by centrifugation (3 min, 20.000 g), and the RB concentration was determined by absorbance measurements in quartz glass cuvettes (SpectroFlex 6100 photometer, WTW GmbH, Weilheim/Germany) at 554 nm, where RB shows a maximum in light absorption. A calibration curve was developed, showing linear relationship between RB concentration and absorbance. Averages of three independent measurements were recorded.
pH-Dependent Charge of RB. RB solutions (10
−3 mol/L) were prepared, and the pH value was adjusted with Ca(OH) 2 in a range of 7-12.7. Measurements of the streaming potential were performed on a particle charge detector (Mütek PCD-03, BTG S.A, Eclépens/CH).
Adsorption Studies. RB adsorption on the catalysts was performed by filling RB solutions (concentrations 5·10
−7 -1.2·10
−4 mol/L) into 20 mL glass vials, followed by addition of catalyst (weight ratio catalyst/solution 1 : 10) and sonication for 10 min. The samples were stored in darkness for 1 h to equilibrate; thereafter, the solid was separated by filtration (0.2 µm syringe filter). Pure RB reference solution was treated in the same way. The concentration of unadsorbed RB present in the supernatant was determined from absorbance measurements using the calibration curve from above. From this, the amount of RB adsorbed (in mg/gram catalyst) was calculated.
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Results and Discussion
• C. There, in spite of many attempts utilising a broad range of preparation conditions (temperatures and calcination times), we never obtained a material exhibiting this glassy, annealed surface. Only minor photodegradation of RB was observed for the CaO samples produced from this conventional calcination at 850-1400
• C. Variation of the Ca(NO 3 ) 2 concentration significantly influences the particle sizes of the CaO catalyst. At increased concentrations, particle size increases correspondingly (Figure 2) .
In contrast to CaO, the NiO-CaO catalyst shows a relatively coarse surface structure. There, nanoparticles are spersed across the surface (Figure 2(d) ).
The specific surface areas (N 2 , BET) of the catalysts were as follows: CaO-2, CaO-5, and NiO-CaO <1 m 2 /g (which is very low for catalysts), CaO-0.5 4.2 m 2 /g, and TiO 2 49 m 2 /g. Surface charges (zeta potential) of the catalyst suspensions (c = 10 g/L) were determined at their native pH, as is shown in Table 1 . The surface charges of CaO and NiOCaO are highly positive, while TiO 2 exhibits a negative zeta potential.
Activity of Catalysts.
At first, the catalyst samples holding RB were exposed to normal room light conditions by placing them on a lab bench indoor. Under these conditions, none of the catalysts showed any effectiveness, even after several hours of storage.
Next, the samples were exposed to visible light of much higher intensity by utilising the Suntest chamber equipped with a window glass filter (Figure 3 ). There, TiO 2 showed the best performance. Complete degradation of RB was achieved within less than 60 min. CaO-2 and NiO-CaO only showed a minor degradation, with the activity of NiO-CaO being slightly higher compared to that of CaO-2.
The high effectiveness of undoped TiO 2 in the previous experiment indicated the presence of a certain amount of light in the near UV range. Thus, additional experiments in UV light of different wavelengths were conducted in order to study the performance of the catalysts under various UV light conditions. First, combined irradiation at wavelengths of 254 and 365 nm (Figure 4 ) was performed. As expected, the most effective catalyst was TiO 2 , which achieved complete degradation within 40 minutes. The CaO-2 catalyst degraded RB within 120 min. Opposite to this, the NiO-CaO catalyst was unable to fully degrade RB within 120 min. It achieved only ∼60% reduction of the initial RB concentration. This compares with 25% degradation for the sample holding no catalyst. Still, in this experiment both NiO-CaO and CaO-2 exhibited a highly increased performance compared to visible light conditions. Exposure to 254 nm UV light only produced the same results as above. The order of effectiveness was the same for all catalysts tested.
Next, the samples were irradiated under near UV light (wavelength 365 nm) only ( Figure 5 ). Under those conditions, the CaO-2 and NiO-CaO catalysts exhibited a much reduced effectiveness, while TiO 2 still performed well. The results from this experiment compare well with those from visible light experiments.
The experiments allowed to conclude that the CaO-2 and NiO-CaO catalysts effectively degrade RB only when exposed to high energy ultraviolet light (254 nm). Therefore, they can degrade pollutants only under UV light conditions, while their visible light activity is comparatively low. Also, lower UV irradiation energy (365 nm) generally decreases their effectiveness significantly. Generally, pure CaO was found to be more effective than NiO-CaO under UV light conditions. Contrary to a previous report [18] , only minor visible light activity was found for NiO-CaO and almost none for the CaO catalyst.
The results from above pose the question whether CaO and NiO-CaO are indeed photocatalysts. Thus, the mechanism underlying the photoactivity of CaO was studied.
Influence of Particle Size on Photoactivity of CaO.
Classic semiconductor photocatalysis requires adsorption of the substrate on the surface of the photocatalyst to allow for photo-induced electron transfer processes, which lead to the formation of radicals and ultimately to complete degradation of the substrate. According to this specific mechanism, the degradation rate will increase with the specific surface area of the catalyst.
CaO samples possessing different specific surface areas (CaO-0.5, CaO-2 and CaO-5) were applied to aqueous RB solutions and exposed to the 254 and 365 nm UV light source. Surprisingly, all CaO samples exhibited the same degradation effectiveness. No influence of the catalyst's surface area was apparent. Obviously, this CaO is not a photocatalyst as was reported in an earlier publication [18] . Also, this result clearly contradicts the mechanism known from conventional semiconductor photocatalysis.
Adsorption Studies.
To investigate the mechanism of photodegradation, the adsorption behaviour of RB on CaO-2 was determined and compared with that on TiO 2 .
First, the charge amount of the RB molecule at pH 7-12.7 was determined ( Figure 6 ). pH 7 represents the pH occurring in the TiO 2 catalyst suspension, while 12.7 is the pH of the CaO-2 slurry. At pH = 7, a strongly positive charge was found for RB, which decreased with increasing pH to a very slightly negative charge at pH 12.7. The isoelectric point was found to lie at pH 12.6.
The adsorption isotherms for RB on CaO-2 and TiO 2 , respectively, are shown in Figure 7 .
TiO 2 , which possesses negative surface charge at pH 7 (Table 1) , can adsorb considerable amounts of cationic RB. Up to a concentration of ∼5·10 −6 mol/L, RB is quantitatively depleted from the solution. At higher RB concentrations, the isotherm levels to a plateau, representing the state of saturated adsorption.
For CaO-2, however, no adsorption was detected. Obviously, at pH 12.7 the anionic character of RB is not high enough to adsorb on the positively charged surface of CaO-2.
The absence of adsorption strongly dispels a mechanism similar to that underlying conventional photocatalysis. Additionally, measurements of the carbon content (TOC) in the supernatant of RB solutions decoloured by CaO-2 still confirmed high organic loading, which was not the case for TiO 2 . Thus, only a partial degradation takes place, which involves decomposition of the chromophore present in the dye. This signifies that the photo-induced process observed here is completely different from conventional semiconductor photocatalysis. 
Conclusion
CaO and NiO-CaO catalysts prepared by mild calcination of precipitates obtained from NaOH and Ca(NO 3 ) 2 or Ni(NO 3 ) 2 /Ca(NO 3 ) 2 solutions effectively degrade rhodamine B when exposed to ultraviolet light. CaO was found to be more effective than NiO-CaO. However, contrary to previous reports, both catalysts exhibit only poor performance under visible light conditions. Our study suggests that photodegradation of rhodamine B by CaO and NiOCaO does not follow the well-known adsorption-electron transfer process involving semiconductors. More likely, a photochemical process initiated by the presence of the metal oxides occurs. Its mechanism will be the subject of further investigation.
